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1 . 0  Introduction 


This  annual  report  summarizes  the  high  power  MHD 
experiments  performed  during  the  period  1  January  1981 
to  30  June  1982.  This  work  was  the  culmination  of  pre¬ 
vious  basic  research  programs  dating  back  to  1975  on 
the  characteristics  of  dense  non-ideal  plasmas  and  high 
magnetic  Reynolds  number  MHD  phenomena  (References  1 
to  5) . 

The  primary  objectives  of  this  present  effort  were 
twofold.  The  first  was  to  generate  peak  electrical  power 
in  the  gigawatt  range  using  an  existing  pulsed  plasma 
source  device.  The  second  was  to  explore  the  scaling 
relationships  of  peak  power  with  applied  B-field  and 
electrode  area  particularly  as  the  electrical  energy 
extracted  becomes  a  significant  fraction  of  the  available 
plasma  flow  energy. 

These  objectives  have  been  successfully  met.  Multi¬ 
gigawatt  power  levels  have  been  achieved  and  the  funda¬ 
mental  principles  of  this  method  of  MHD  power  generation 
have  been  verified. 

This  work  is  leading  to  the  development  of  an  ex¬ 
tremely  compact,  lightweight  prime  power  source  that  can 
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deliver  repetitively  pulsed  electrical  power  at  gigawatt 
power  levels  and  mega joule  pulse  energies.  Pulsed  plasma 
MHD  technology  is  being  considered  for  a  number  of  impor¬ 
tant  applications  including  prime  power  for  laser,  particle 
beam  and  microwave  weapons,  electromagnetic  launchers  and 
high  power  emergency  communications. 
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2.0  Pulsed  Plasma  MHD 


2.1  Plasma  States 

Pulsed  plasma  MHD  is  distinguished  from  other  MHD 
power  generation  methods  by  the  plasma  states  achieved 
in  the  generator.  The  dense  non-ideal  plasma  flow  is 
characterized  by  considerably  higher  flow  velocities 
(10  to  30  km/s)  and  electrical  conductivities  (15  to 
30  kS/m)  than  the  more  familiar  high  power  combustion 
MHD  generators.  A  further  distinguishing  feature  is 
the  high  magnetic  Reynolds  number*  at  which  the  pulsed 
plasma  MHD  generator  is  operated.  In  the  present  pro¬ 
gram,  experiments  have  been  conducted  at  magnetic  Rey¬ 
nolds  numbers  of  up  to  35.  The  predicted  field  pertur¬ 
bation  effects  were  measurable  but  by  design  did  not 
degrade  generator  performance.  Both  the  question  of 
dense  non-ideal  plasma  conductivity  and  high  magnetic 
Reynolds  number  generator  operation  have  been  thoroughly 
addressed  in  previous  work  (References  2  and  4) . 

The  argon  plasma  states  encountered  in  our  MHD  work 
are  shown  in  Figure  1.  The  electrical  conductivities 


♦Magnetic  Reynolds  Number  where  a  =  electrical  conductivity 
based  on  MHD  channel  y0  “  permeability  of  space 

diameter  R^onoUd  u  =  flow  velocity 

d  =  channel  diameter 
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Figure  1  Argon  Plasma  States  and  Electrical  Conductivity  Showing  Range  of 
MHD  Channel  Conditions 


are  calculated  using  the  Rogov  formulation  (Reference  6) 
and  a  modified  Debye-Huckel  equation-of-state  appropriate 
for  the  dense  non-ideal  conditions  in  the  MHD  channel 
(Reference  7) .  These  conductivities  are  in  substantial 
agreement  with  more  detailed  calculations  being  carried 
out  at  the  Lawrence  Livermore  National  Laboratory  (LLNL) 
(Reference  8).  They  are  also  supported  by  our  own  mea¬ 
surements  of  plasma  conductivity  which  are  presented  in 
the  subsequent  discussion  of  results. 

The  conditions  in  the  plasma  source  are  character¬ 
ized  by  pressures  up  to  20  GPa  and  near  metallic  densi¬ 
ties.  In  this  regime  we  have  used  a  comprehensive 
equation-of-state  provided  by  LLNL  (Reference  9).  This 
agrees  well  with  the  modified  Debye-Huckel  equation-of- 
state  at  the  lower  density  conditions  encountered  in  the 
MHD  generator. 

We  have  devoted  considerable  effort  to  calculating 
the  plasma  energization  in  the  plasma  source  and  its 
subsequent  expansion  down  the  MHD  channel.  These  cal¬ 
culations  use  the  LLNL  equation-of-state  and  are  closely 
matched  to  the  observed  performance  of  the  plasma  source 
and  to  the  measured  velocities  and  conductivities  in  the 
MHD  channel.  The  range  of  calculated  MHD  channel  condi¬ 
tions  typical  of  our  experiments  are  also  shown  in  Figure  1. 


Argon  was  used  as  the  working  fluid  in  the  present 


high  power  MHD  experiments.  In  the  past  we  have  also 
used  xenon  and  air  with  measured  conditions  comparable 
to  those  encountered  in  the  argon  experiments  (Ref¬ 
erences  3  and  5) . 

2.2  Plasma  Source 

In  our  MHD  device,  the  first  energy  conversion  pro¬ 
cess  is  from  chemical  energy  of  the  explosive  to  plasma 
energy.  The  energy  of  the  explosive  (5.3  MJ/kg)  is  con¬ 
centrated  to  produce  an  energetic  plasma  (100  MJ/kg) 
which  can  thereupon  expand  to  high  velocities  (20  km/s) 
while  maintaining  the  required  electrical  conductivity 
(30  kS/m)  for  efficient  generator  operation. 

The  plasma  source  is  shown  in  cross-section  in  Fig¬ 
ure  2.  Octol  explosive  is  cast  around  a  steel  lined 
annular  region  containing  the  pressurized  working  gas. 

By  means  of  a  wave  shaper  the  detonation  front  is  caused 
to  pass  simultaneously  along  the  outer  and  inner  liners 
progressively  collapsing  the  annular  volume.  The  impact 
of  the  liners  forms  a  dynamic  seal  which  moves  at  the 
explosive  detonation  velocity  and  drives  a  strong,  high 
pressure  shock  into  the  working  gas.  The  result  is  a 
transfer  of  approximately  25%  of  the  explosive  energy 
into  the  shocked  plasma. 


The  plasma  now  moving  at  the  detonation  velocity  of 
the  explosive  converges  into  the  end  cavity  and  is  fur¬ 
ther  energized  by  an  aluminum  piston  driven  by  the  inner 
cylinder  of  explosive.  The  piston  continues  collapsing 
the  cavity  volume  driving  the  plasma  into  the  MHD  channel 

The  operation  of  the  plasma  source  is  illustrated 
by  the  120  MeV  flash  X-rays  presented  in  Figure  3.  The 
upper  photograph  shows  the  end  cavity  and  MHD  channel  in¬ 
let  region  prior  to  initiation  of  the  explosive.  The 
lower  photograph  is  taken  just  after  completion  of  the 
collapse  of  the  steel  liners.  All  the  plasma  has  been 
driven  into  the  end  cavity.  The  aluminum  piston  has  been 
in  motion  for  3.8  nsec.  After  another  15  usee  the  injec¬ 
tion  of  plasma  into  the  MHD  channel  will  have  been  com¬ 
pleted. 

2 . 3  Faraday  Mode  MHD  Generator 

The  plasma  generated  by  the  source  flows  down  the 
channel  and  passes  between  a  pair  of  electrodes  typically 
15  to  40  diameters  downstream  of  the  channel  inlet.  In 
the  present  experiments  an  externally  energized  electro¬ 
magnet  field  coil  surrounds  the  electrode  region  and 
provides  a  reasonably  constant  transverse  magnetic  field 
in  the  volume  between  the  electrodes  (Figure  4a) .  The 


b)  3.8  usee  after  first  motion 
of  aluminum  piston 

■44T 

Figure  3  120  Mev  Flash  Radiographs  of  Experiment  165-7 
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Simplified  Schematic  of  Faraday  b)  Faraday  Generator  Circuit  Model 
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Figure  4  Faraday  MHD  Generator 


MHD  generator  can  be  accurately  represented  by  a  simple 
lumped  parameter  circuit  model  (Figure  4b) .  The  measured 
load  voltages  and  current  are  consistent  with  the  circuit 
model  and  the  measured  values  of  its  elements. 


In  practice,  circuit  inductances  can  be  kept  very 
small  (1  or  2  nanohenries) .  Plasma  resistance  is  on  the 
order  of  a  few  tenths  of  a  milliohm  making  this  a  very 
low  impedance  generator.  Near  peak  power  conditions,  the 
inductive  voltage  drops  are  negligible  and  the  circuit 
equation  of  Figure  4b  can  be  rearranged  to  express  the 
power  in  a  matched  load  (RL=Rp)  as: 


P  =  »  Sfu W 


=  B2uA 

4U0 


% 


(1) 


where  Rm  =  magnetic  Reynolds  number 
This  derivation  neglects  any  perturbation  in  the  applied 
B-field  at  high  magnetic  Reynolds  numbers.  Magnetic 
Reynolds  number  effects  on  generator  open  circuit  vol¬ 
tages  have  been  theoretically  estimated  in  Reference  4 
and  routinely  measured  in  laboratory  calibration  experi¬ 
ment  (References  2,  3  and  5).  For  magnetic  Reynolds 
numbers  less  than  50  as  in  the  case  in  the  present  ex¬ 
periments,  the  generator  design  can  be  readily  modified 
to  operate  in  accordance  with  the  simple  circuit  model 
of  Figure  4a. 
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In  the  MHD  experiments  reported  herein  the  elec¬ 
trodes  were  attached  directly  to  a  matched  resistive  load. 
In  the  lower  power  density  experiments  the  load  was  formed 
by  a  stainless  steel  strap  mounted  just  outside  the  MHD 
channel.  Such  a  load  is  shown  in  Figure  5. 

In  the  higher  power  density  experiments,  the  current 
was  conducted  by  a  low  inductance  strip-line  through  the 
field  coil  to  an  externally  mounted  carbon  resistive  load 
with  enough  mass  to  absorb  the  Joule  heating  without  large 
changes  in  load  resistivity.  An  externally  mounted  load 
configuration  is  shown  in  Figure  6. 

2.4  Experimental  Arrangement  and  Diagnostics 

A  typical  MHD  experiment  is  shown  in  Figure  7  with 
the  essential  elements  illustrated  schematically  in  Fig¬ 
ure  8.  A  200  kJ  capacitor  bank  installed  at  the  LLNL 
explosive  test  site  is  used  to  drive  the  field  coil  for 
the  MHD  generator.  An  identical  bank  in  the  Artec  lab¬ 
oratory  is  used  to  test  and  calibrate  the  field  coils. 

The  plasma  source  diagnostics  consist  of  a  120  MeV 
flash  radiograph  to  view  the  internal  operation  of  the 
plasma  source;  ionization  pins  to  monitor  the  explosive 
detonation  velocity;  and  a  photodiode  to  determine  dia¬ 
phragm  rupture  time. 


Lexan 

Channel  Wall 


Plasma 

Channel 


Loop  for 
Current  Monitor 


a)  End  View  of  Generator  Showing  Stainless  Steel  Strap 
Used  as  a  Resistive  Load 


Loop  for 
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Channel  Wall 

Current  Monitors 

Insulated  Copper 

\ 

Strip-Line  Power 

Feed— 7  ^zz====st4- 

Plasma 

Channel 


Graphite  Block-^ 


a)  End  View  of  Generator  with  External 
Graphite  Resistive  Load 


-Brass  Electrode 


,  i  ■  il  l 


»f§ 


b)  Generator  Section 

Figure  6  Generator  with  External  Graphite  Resistive  Load 
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Figure  7  High  Power  MHD  Experiment 


Figure  8  Schematic  of  the  High  Power  MHD  Experiments 


Three  types  of  diagnostics  are  used  to  measure  the 
plasma  properties  in  the  channel.  Plasma  flow  velocity 
histories  are  monitored  by  means  of  an  open  circuit  Fara¬ 
day  generator  using  small  permanent  magnets  to  provide 
the  field.  Plasma  conductivity  histories  are  measured 
inductively  with  search  coils  placed  near  the  ends  of 
the  permanent  magnets.  These  search  coils  are  calibrated 
in  the  laboratory  to  obtain  coil  output  as  a  function  of 
magnetic  Reynolds  number.  A  typical  diagnostic  station 
for  velocity  and  pickup  coil  conductivity  gages  is  shown 
in  Figure  9.  Plasma  resistivity  is  also  determined  from 
the  circuit  equation  of  Figure  4b  using  the  measured 
circuit  current#  load  resistance,  circuit  inductances 
and  open  circuit  voltage  within  the  generator.  A  de¬ 
tailed  description  of  the  theory  and  operation  of  these 
diagnostics  is  available  in  References  3  and  5. 

Attempts  were  made  to  measure  pressure  histories 
in  the  MHD  channel.  These  proved  to  be  difficult  in  the 
pulsed  field  environment  of  the  MHD  generator  and  electro 
magnet  field  coil,  and  the  measurements  were  ambiguous. 

The  power  generated  in  the  load  is  determined  di¬ 
rectly  from  the  measured  voltages  and  current  in  the  load 
Voltage  measurements  are  made  in  several  locations  across 
the  load  to  detect  any  variations  in  current  density. 
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Open  Circuit  Faraday  Generator 
Velocity  Gage 


Current  is  measured  by  a  calibrated  integrating  pickup 
coil  placed  in  a  loop  in  the  current  path.  Load  resis¬ 
tance,  inductance  and  plasma  channel  inductance  are  mea¬ 
sured  in  the  lab  before  the  experiment.  In  the  analysis 
of  the  experiments  account  is  taken  of  changing  load  re¬ 
sistance  due  to  Joule  heating  and  of  the  variable  plasma 
resistance  and  inductance  as  the  plasma  sweeps  across  the 
electrodes. 

All  the  plasma  channel  and  load  diagnostics  together 
provide  a  detailed  time-distance  record  of  the  leading 
edge  of  the  plasma  pulse. 

The  output  of  the  B-field  coil  is  monitored  by  a 
capacitor  bank  current  measurement  and  by  a  calibrated 
pickup  loop  in  the  field  coil  housing.  The  B-field 
generated  inside  the  electrode  volume  is  independently 
determined  by  a  small  open  circuit  Faraday  generator 
placed  just  upstream  of  the  electrodes  in  the  main  mag¬ 
netic  field. 
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3.0  High  Pofc^r  MHD  Experimental  Results 


In  addition  to  numerous  design  and  calibration  tests 
carried  out  in  the  Artec  laboratory,  seven  experiments 
were  conducted  at  explosive  test  sites.  The  purpose  and 
general  results  of  each  of  the  seven  tests  are  given  in 
Table  1. 


A  common  plasma  source  design  was  used  in  tests 
165-2  through  165-6  to  drive  a  25.4  mm  diameter  channel. 

A  38.1  mm  diameter  channel  and  modified  plasma  source  was 
used  in  the  final  experiment  165-7.  Experiments  165-3 
through  165-7  were  full  MHD  power  tests.  The  highest 
peak  power  (6  GW)  and  delivered  energy  (140  kJ  after 
35  psec)  of  the  program  were  measured  in  the  final  ex¬ 
periment.  Table  2  summarizes  the  B-field,  electrode 
area,  power  and  energy  associated  with  each  test. 

3.1  Plasma  Flow  Conditions 

Both  velocity  and  search  coil  conductivity  his¬ 
tory  measurements  were  made  in  a  small  B-field  provided 
by  permanent  magnets  as  described  in  Section  2.4.  Great 
care  was  taken  to  isolate  these  diagnostics  from  the 
fields  generated  by  the  electromagnet  and  the  MHD  cur¬ 
rents. 
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Technology  experiment  for  data  Key  data  for  plasma  source  design  and 

on  plasma  source  components  modelling  calculations 
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Table  1.  Description  of  Major  Experiments 


Experiment  Channel  B-field  Electrode  Nominal  Peak  Energy*  Average* 

Diameter  (teslas)  Area  Load  Load  to  Load  Load 

(nun)  (mm‘)  Resistance  Power  (kilojoules)  Power 

(milliohms)  (gigawatts)  (gigawatts) 


Table  2.  Summary  of  Results  for  Full  MHD  Experiments 


Flow  velocity  histories  upstream  (^=29.7)  and  down- 

x  x 

stream  (^=36. 8)  of  the  MHD  generator  (30.9<^<35.7)  are 

shown  in  Figure  10.  The  upstream  velocity  history  with 
a  peak  flow  velocity  of  27  km/sec  is  representative  of 
experiments  165-2  through  165-6.  The  downstream  velocity 
history  is  influenced  by  the  MHD  generator  both  through 
Lorentz  force  braking  and  Joule  heating  and  is  thus  dif¬ 
ferent  for  each  experiment.  With  higher  levels  of  MHD 
power  generation,  the  downstream  velocities  are  reduced 
as  flow  kinetic  energy  is  converted  to  electrical  energy 
in  the  load  and  internal  energy  in  the  plasma. 

The  upstream  conductivity  history  (^=18.1)  shown  in 
Figure  10  is  representative  of  experiments  165-2  through 
165-6.  The  downstream  history  (^=47.4)  is  influenced  by 
power  extraction  in  the  generator.  With  little  or  no  pow¬ 
er  generation,  conductivity  falls  with  distance  down  the 
channel  as  the  flow  expands  (see  Reference  5  for  examples) . 
In  the  present  high  power  experiments  where  the  energy 
extracted  is  a  significant  fraction  of  the  available  flow 
energy.  Joule  heating  adds  measurably  to  the  plasma  in¬ 
ternal  energy.  The  result  is  that  conductivity  either 
decreases  less  rapidly  with  distance  or,  in  the  highest 
power  experiments,  exhibits  an  increase  just  downstream 
of  the  generator. 


Time  (ps) 


a)  Velocity  Histories  Experiment  165-6  (electrodes 
extend  from  *=30.9  to  *=35.7) 


b)  Conductivity  Histories  Experiment  165-6  14,4 

(search  coil  conductivities  at  *=18.1  and  47.4) 


Figure  10  Flow  Velocity  and  Electrical  Conductivity  for 
the  1-inch  Diameter  MHD  Channel 


In  the  final  experiment  165-7  the  channel  diameter 
was  increased  to  38.1  mm.  The  resultant  peak  velocity 
and  peak  conductivity  were  reduced  by  about  10%.  How¬ 
ever  the  time  rate  of  decrease  of  both  velocity  and  con¬ 
ductivity  was  less  than  observed  in  previous  experiments. 

In  past  work  (References  3  and  5)  loaded  Faraday 
generators  operating  in  a  small  B-field  provided  by  per¬ 
manent  magnets  were  used  to  directly  measure  plasma  re¬ 
sistance  and  hence  plasma  conductivity.  In  general  the 
plasma  conductivity  measured  in  this  way  was  a  third  to 
one  half  the  conductivity  measured  inductively  by  the 
search  coils.  The  difference  was  ascribed  to  a  resis¬ 
tive  interface  between  the  plasma  and  the  electrode  sur¬ 
face  which  affects  the  direct  resistance  measurement  more 
than  the  inductive  measurement. 

In  the  present  high  power  experiments,  the  direct 
(p=33.3)  and  inductive  conductivity  determinations  were, 
within  the  error  of  measurement,  almost  identical.  It 
is  surmised  that  the  large  current  densities  (up  to  8xl08 
A/m2)  breakdown  the  interface  resistance  so  that  the 
direct  and  inductive  measurements  of  conductivity  are 
now  representative  of  the  core  flow. 
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3.2  MHD  Generator  Performance 


In  pulsed  plasma  MHD,  generator  voltage  is  a  maximum 
as  the  flow  sweeps  across  the  electrodes  and  it  decreases 
thereafter.  Generator  inductance  achieves  a  minimum  when 
the  flow  reaches  the  downstream  edge  of  the  electrode  and 
is  constant  thereafter.  Generator  resistance  reaches  a 
minimum  when  the  product  of  plasma  density  and  internal 
energy  is  maximized  several  diameters  behind  the  shock 
front.  MHD  generator  voltage,  resistance  and  inductance 
characteristics  derived  from  the  results  of  experiment 
165-7  are  shown  in  Figure  11. 

Load  inductance  is  constant  but  load  resistance  in¬ 
creases  with  Joule  heating.  In  the  case  of  the  carbon 
resistive  loads  used  in  the  latter  experiments  load  re¬ 
sistance  varies  both  with  Joule  heating  and  with  magne¬ 
toresistive  effects  at  high  current  densities.  In  gen¬ 
eral  the  load  resistances  were  designed  to  be  approximately 
matched  to  generator  resistance  at  the  time  of  peak  power. 

Typical  current  and  load  voltage  traces  and  the 
corresponding  load  power  (measured  volts  times  measured 
current)  are  shown  in  Figure  12.  These  illustrate  the 
waveforms  characteristic  of  pulsed  plasma  MHD  in  a  con¬ 
stant  applied  B-field.  They  also  illustrate  the  high 
current,  low  impedance  nature  of  the  generator. 
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As  shown  in  Table  2,  several  small  closely  spaced 
but  electrically  separate  electrodes  were  tested  in  ex¬ 
periment  165-3  to  observe  any  interactive  effects  between 
electrodes  when  connected  by  the  conductive  plasma.  With¬ 
in  the  resolution  of  our  diagnostics  we  saw  none.  The 
peak  power  achieved  in  the  upstream  load  was  low  (see 
Table  2)  because  the  applied  B-field  was  diminished  by 
magnetic  Reynolds  number  effects,  this  electrode  being 
positioned  close  to  the  upstream  edge  of  the  applied 
field. 

In  experiments  165-4  and  165-5  parallel  stainless 
steel  loads  such  as  shown  in  Figure  5  were  used.  It  was 
calculated  that  these  loads  would  melt  after  20  ysec  al¬ 
though  the  event  was  not  noticeable  from  load  voltage  and 
current  records.  Voltage  monitors  at  upstream,  middle  and 
downstream  positions  on  the  load  revealed  current  distri¬ 
butions  along  the  load  especially  as  the  plasma  pulse  first 
sweeps  across  the  electrodes.  The  current  tends  to  flow 
circumferentially  around  the  load  rather  than  spreading 
out  longitudinally  which  is  a  much  higher  inductance  cur¬ 
rent  path.  Thus  there  is  very  little  perturbation  of  the 
applied  B-field  by  the  nearly  orthogonal  fields  created 
by  the  load  currents. 

Experiment  165-6  was  the  first  test  of  a  carbon  re¬ 
sistive  load  mounted  outside  the  electromagnet.  The  load 
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was  sufficiently  massive  to  minimize  resistance  change 
from  Joule  heating.  Current  was  conducted  from  the  elec¬ 
trodes  to  the  load  by  a  low  inductance  strip-line.  The 
short  strip-line  permitted  the  current  to  distribute  it¬ 
self  evenly  across  the  load  as  was  confirmed  by  upstream, 
middle  and  downstream  load  voltage  measurements.  The 
measured  current,  load  voltage,  and  load  power  are  shown 
in  Figure  13.  The  B-field  in  the  generator  was  lower  than 
the  design  goal  of  5.5  tesla  because  of  shielding  by  the 
one  piece  copper  strip-line  and  electrodes. 

In  experiment  165-7  the  lower  electrode  and  strip¬ 
line  were  segmented  to  allow  rapid  penetration  by  the  ex¬ 
ternally  applied  B-field  (see  Figure  6).  In  this  experi¬ 
ment  the  large  load  current  densities  (up  to  8x10®  A/m2) 
gave  rise  to  a  substantial  magnetoresistive  effect  in  the 
load.  At  peak  power,  the  load  resistance  was  about  3 
times  higher  than  the  plasma  resistance.  The  measured 
load  power  of  6  GW  was  thus  less  then  the  anticipated 
8  GW  for  matched  conditions. 

Because  of  the  larger  channel  diameter  in  this  final 
experiment,  the  pulse  widths  were  longer  and  the  measured 
energy  delivered  to  the  load  in  35  nsec  was  140  kJ.  The 
current,  load  voltage  and  load  power  for  this  experiment 
are  shown  in  Figure  12. 


Time  (ms) 


Figure  1 


Current,  Load  Voltage  and  Load  Power 
(Experiment  165-6) 


3.3  Scaling  Relationships 

According  to  equation  (1)  peak  power  should  scale 
directly  with  electrode  area  and  as  the  square  of  the 
applied  B-field.  These  scaling  relationships  are  con¬ 
firmed  by  the  data  from  the  present  experiments  and  the 
low  B-field  data  of  Reference  5.  These  data  cover  a  B- 
field  range  of  .08  tesla  to  5.22  tesla  and  an  electrode 
area  range  of  97  mm2  to  2400  mm2  (Figures  14  and  15) . 

These  data  were  taken  from  experiments  using  the  same 
plasma  source  design  and  the  same  25.4  mm  diameter  MHD 
channel  design. 

At  peak  load  power,  the  inductive  voltage  drops  in 
the  circuit  are  negligible  and  equation  (1)  can  be  plotted 
using  measured  values  of  velocity  and  conductivity  at  the 
time  of  peak  power.  Equation  (1)  is  shown  in  both  Figures 
14  and  15  demonstrating  that  not  only  does  the  data  scale 
as  predicted  but  that  the  magnitude  of  peak  power  can  be 
accurately  predicted  by  the  circuit  model  of  equation  (1) . 

It  should  be  noted  that  equation  (1)  does  not  include 
the  following  second  order  effects  when  used  to  plot  the 
data. 


•  fringing  of  the  electric  fields  tends  to  increase 


the  effective  electrode  area.  The  effect  is 


Figure  14  Peak  MHD  Power  Versus  Applied  B-Field 


Figure  15  Peak  MHD  Power  Versus  Electrode  Area 


greatest  for  the  small  electrode  data 


•  when  peak  power  is  measured,  there  can  be  a 
substantial  velocity  gradient  along  the  elec¬ 
trodes.  The  effect  is  greatest  for  the  large 
electrode  data  (the  largest  electrodes  are  more 
than  6  channel  diameters  long) 

•  interaction  between  the  electric  circuit  and 
plasma  flow  tends  to  reduce  flow  velocity  and 
increase  plasma  conductivity.  In  the  present 
experiments  the  effect  is  greatest  for  the  high¬ 
est  applied  B-field  data 

•  equation  (1)  was  plotted  assuming  equal  load 
and  plasma  resistances.  At  peak  power  in 
several  experiments,  load  resistance  was  often 
more  than  two  times  plasma  resistance 

3.4  Electric  Circuit-Plasma  Flow  Interactions 

Most  of  the  energy  of  the  plasma  in  the  MHD  channel 
is  in  the  form  of  kinetic  energy.  As  the  plasma  flows 
through  the  applied  magnetic  field  it  is  decelerated  by 
the  magnetic  (Lorentz)  forces.  This  converts  kinetic 
energy  of  the  flow  to  electrical  energy  in  the  load  and 


to  internal  energy  of  the  plasma  which  is  a  resistive 
element  in  the  electrical  circuit.  When  the  electrical 
energy  extracted  is  a  significant  fraction  of  the  in¬ 
coming  flow  energy,  the  plasma  is  heated  and  slowed  re¬ 
sulting  in  a  rapid  rise  in  pressure  and  formation  of  an 
upstream  running  shock. 

In  the  present  experiments ,  moderate  interactions 
were  observed  in  all  the  experiments.  These  ranged  from 
subtle  manifestations  in  the  low-field  small-electrode 
experiment  165-3  to  definite  flow  perturbations  in  the 
high-field  large-electrode  experiments  165-4  through  165-7. 

In  these  latter  experiments,  the  flow  velocities 
downstream  of  the  MHD  generator  were  reduced  (Figure  10). 
The  time  of  arrival  data  for  the  leading  edge  of  the  plas¬ 
ma  pulse  unambiguously  illustrate  the  magnetic  braking  of 
the  flow  by  the  generator  as  shown  in  Figure  16. 

The  increased  conductivities  measured  downstream 
(Figure  10)  also  reflect  an  increase  in  internal  energy 
of  the  plasma  as  a  result  of  Joule  heating.  This  was  fur¬ 
ther  evidenced  by  a  recovered  electromagnet  housing  which 
was  overexpanded  on  the  downstream  end  by  increased  in¬ 
ternal  pressure  (Figure  17). 
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Figure  16  Trajectory  of  the  MHD  Channel  Shock  Showing 
Its  Interaction  with  the  Generator 
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Figure  17  Post-Shot  Electromagnet 
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3.5  Effect  of  MHD  Channel  Diameter 


The  diameter  of  the  MHD  channel  in  the  final  ex¬ 
periment  165-7  was  increased  by  50%  to  38.1  mm  to  uti¬ 
lize  more  of  the  plasma  generated  by  the  plasma  source. 
Flow  velocities  and  conductivities  were  reduced  by 
approximately  10%  because  of  the  smaller  convergence 
ratio  from  the  plasma  source  to  the  MHD  channel.  The 
duration  of  the  plasma  pulse  was  increased  and  a  larger 
mass  of  energetic  plasma  participated  in  the  MHD  process 
With  the  50%  increase  in  electrode  separation,  there  is 
a  comparable  increase  in  the  generator  driving  voltage. 
As  a  result  of  this  and  the  increased  plasma  energy,  sub 
stantially  more  electrical  energy  was  delivered  to  the 
load  at  higher  power  levels  than  in  previous  experiments 
using  the  same  plasma  source. 


4.0  Conclusions 


In  past  programs  Artec  Associates  has  carried  out 
theoretical  and  experimental  work  to  determine  properties 
of  dense  non-ideal  plasmas  generated  by  an  explosively 
driven  plasma  source.  Concurrent  theoretical  and  experi¬ 
mental  programs  demonstrated  that  MHD  Faraday  generators 
could  be  operated  effectively  at  magnetic  Reynolds  numbers 
in  excess  of  50.  These  efforts  led  to  the  conclusion  that 
gigawatt  power  levels  could  be  achieved  in  a  compact  pulsed 
plasma  MHD  system  with  applied  magnetic  fields  of  several 
tesla. 

In  the  present  program  peak  electrical  powers  in  ex¬ 
cess  of  2.5  GW  were  attained  in  four  of  the  five  full  MHD 
experiments.  A  peak  power  of  6  GW  with  a  delivered  pulse 
energy  of  140  kJ  was  achieved  in  the  final  experiment  with 
an  applied  field  of  5.6  tesla. 

i 

A  major  scientific  objective  of  this  program  was  to 
verify  the  scaling  relationships  of  peak  power  with  applied 

B-field  and  electrode  area.  As  anticipated,  peak  power 

I 

varies  as  the  square  of  the  applied  B-field  and  directly 
as  the  electrode  area  over  a  wide  range  of  conditions. 

These  relations  are  valid  when  the  electrical  energy  gen- 

I 

erated  is  a  small  fraction  of  the  plasma  flow  energy.  In 
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the  present  experiments  deviations  from  these  scaling  re¬ 
lations  were  measurable  when  the  energy  extracted  was  esti¬ 
mated  to  be  10  to  20%  of  the  available  flow  energy. 

The  scaling  relations  are  derived  from  an  analysis 
based  on  a  simple  lumped  parameter  circuit  model  for  the 
MHD  generator.  Not  only  does  this  model  predict  the  way 
in  which  peak  power  varies  but,  using  measured  plasma  flow 
conditions,  the  model  can  predict  the  magnitude  of  peak 
power  with  accuracy. 

As  a  result  of  this  research,  the  scientific  feasibility 
of  pulsed  plasma  MHD  power  generation  has  been  established. 
Power  levels  and  pulse  energies  have  now  been  achieved  for 
such  applications  as  emergency  communications,  high  energy 
lasers  and  high  power  microwave  devices.  Substantially 
higher  performance  levels  are  possible  by  size  scaling 
within  known  hydrodynamic  and  electromagnetic  scaling  limits 
and  by  engineering  improvements  in  the  overall  efficiency 
of  the  pulsed  plasma  MHD  process.  Multi-mega joule  pulses 
at  power  levels  of  a  few  tenths  of  a  terawatt  are  achievable 
while  still  retaining  the  features  of  a  field  portable, 
repetitively  pulsed  prime  power  source. 
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